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Each subcell in a multijunction solar cell has different material properties that allow 
for absorption of a certain range of the solar spectrum. However, the power 
conversion efficiency and the various photovoltaic losses are different for each 
subcell and are not easily characterized because the subcells are series-connected 
within the cell stack. In this thesis, it is demonstrated that detailed characterization of 
each subcell can be accomplished by measuring the absolute electroluminescence 
response of the solar cell using a hyperspectral imaging system. The instrumentation 
used and the methodology to calculate the efficiency and loss parameters are detailed 
in this work and the physical characteristics of three types of multijunction devices 
are compared with each other.  































Thesis submitted to the Faculty of the Graduate School of the  
University of Maryland, College Park, in partial fulfillment 
of the requirements for the degree of 











  Advisory Committee: 
Professor Mario Dagenais, Chair 
Dr. Behrang Hamadani, Co-chair 























© Copyright by 




















I would like to express my deepest gratitude to my NIST advisor Dr. Behrang 
Hamadani for giving me the opportunity to work under his guidance and for his 
unwavering support and encouragement without which this work would not have 
been realized. I would also like to thank my UMD advisor, Prof. Mario Dagenais, for 
providing me with valuable feedback and suggestions for my research. I am also 
grateful to my supervisor Dr. Bill Healy who helped provide the opportunity and 
resources to make my thesis research possible. Thank you also to Prof. Iliadis for 
serving on my thesis defense committee.  
I would like to extend my gratitude to my coworker, John Roller, for helping me 
work through challenges in my thesis research. Thank you also to the rest of my 
coworkers in the NIST Energy and Environment Division for supporting me and for 
creating a pleasurable work environment.  
Finally, I would like to thank my parents for their continual support and 





Table of Contents 
 
 
Acknowledgements ....................................................................................................... ii 
Table of Contents ......................................................................................................... iii 
Introduction ................................................................................................................... 1 
Chapter 1: Background ................................................................................................. 3 
1.1 Solar Spectrum .................................................................................................... 3 
1.2 Optical Processes in Solar Cells ......................................................................... 7 
1.2.1 Generation .................................................................................................... 7 
1.2.2 Recombination Mechanisms ........................................................................ 8 
1.3 Derivation of Solar Cell I-V Characteristics ..................................................... 10 
1.3.1 Detailed Balance ........................................................................................ 10 
1.3.2 Key Parameters from an I-V Curve ............................................................... 13 
1.4 Characterizing Solar Cells via Electroluminescence ........................................ 15 
1.4.1 Reciprocity Theorem ................................................................................. 16 
1.5 Fundamental Losses in Solar Cells ................................................................... 18 
Chapter 2: Data Acquisition via Hyperspectral Imaging ............................................ 21 
2.1 What is hyperspectral imaging.......................................................................... 21 
2.2 Instrumentation ................................................................................................. 23 
2.3 Post-processing of Hyperspectral Cube Data ................................................... 29 
2.4 Calibration of Hyperspectral Cube Data ........................................................... 33 
2.4 Hyperspectral Cube Images for a GaAs Solar Cell .......................................... 37 
Chapter 3: Characterizing Subcell Losses in Multijunction Solar Cells ..................... 40 
3.1 Different Multijunction Solar Cells .................................................................. 40 
3.2 Calculation of I-V curves from Electroluminescence Data .............................. 40 
3.2.1 Absolute EL spectra with multiple injection current densities .................. 41 
3.2.2 External EL quantum yield 𝑦𝑒𝑥𝑡𝐿𝐸𝐷 vs. 𝐽𝐿𝐸𝐷 ........................................ 44 
3.2.3 External luminescence quantum yield 𝑦𝑒𝑥𝑡 .............................................. 46 
3.2.4 I-V curves of three junction solar cells ...................................................... 53 
3.3 Double Diode Model......................................................................................... 58 
3.5 Losses from three different solar cells .............................................................. 64 
Chapter 4: Conclusions ............................................................................................... 72 

















Solar cells are based on semiconductor materials which absorb the electromagnetic 
radiation from the sun and convert it into electrical energy. The efficiency of a solar 
cell describes how much of the incident radiation from the sun is converted to 
electrical energy we can use. The material properties of the semiconductor along with 
the device structure and other optical factors such as light trapping play an important 
role in determining the efficiency of the solar cell.  
Silicon is the most common material used in solar cells as approximately 90% of the 
solar cell modules in the industry are based on silicon. This material is widely used 
because of its abundance on Earth, high efficiency, low cost and long lifetime [1]. 
There are two main types of silicon used in manufacturing solar cells: 
monocrystalline silicon and polycrystalline silicon. Monocrystalline silicon is made 
up of a single crystal of silicon having an ordered crystal structure. It is this 
uniformity that makes monocrystalline silicon solar cells extremely efficient but due 
to a complicated manufacturing process, it is the most expensive type of silicon [2]. 
Polycrystalline silicon is comprised of multiple crystals of silicon that are melted, 
cooled and then cut into wafers [3]. The manufacturing process is cheaper and 
simpler but these cells are less efficient due to their nonuniformity. The highest 
efficiency of a monocrystalline silicon solar cell is around 27.6% whereas the highest 
efficiency of a polycrystalline silicon solar cell is around 23.2% [4].  
Aside from silicon-based solar cells, thin-film technologies and multijunction cells 
are other types of solar cells that are used in various manufacturing facilities and have 





thin layers of semiconductor material, such as cadmium telluride (CdTe) and copper 
indium gallium diselenide (CIGS), onto a substrate [1, 5]. Currently, the highest 
efficiency for a thin film solar cell is around 23.2% [4]. As we will see in the next 
section, the sun emits light spanning a range of wavelengths and the most efficient 
solar cell will take advantage of this by converting as much of the incident solar 
radiation to electrical energy as possible. Each semiconductor material has different 
material properties that affects its efficiency. Multijunction solar cells are comprised 
of different semiconductor materials stacked on top of each other in order to take 
advantage of each material’s properties and absorb as much of the solar spectrum as 
possible. The highest efficiency reported for a multijunction solar cell is around 
47.1% under high concentration [4]. 
In this thesis, we will study three different multijunction solar cells and will see how 
each cell’s individual junction material properties determine the overall efficiencies. 
Through simple electroluminescence measurements and following a series of 
calculations, we have been able to obtain loss parameters for each junction in a 
multijunction cell. Such detailed characterization for each junction allows for better 
understanding of the solar cell performance. Before we discuss these issues in more 






Chapter 1: Background  
1.1 Solar Spectrum 
 
The sun emits light spanning the ultraviolet, visible and infrared regions of the 
electromagnetic spectrum. Solar irradiance is the amount of radiant energy – photons 
– received from the sun in power per unit area. The solar radiation spectrum is 
commonly presented as spectral irradiance (units: W/m2/nm) as a function of 
wavelength (units: nm). In order to get the total solar irradiance in power per unit area 
(W/m2), the spectral irradiance must be integrated over all the wavelengths. Solar 
irradiance peaks at visible wavelengths of around 400-700 nm (~550 nm is the peak). 
Due to the sun’s surface temperature of around 5760 K [6], its radiation spectrum can 
be approximated as that of a black body of the same temperature. A black body emits 
radiation that is dependent purely on its temperature T. The spectral photon flux Φbb 
(E, s, θ, φ), is the number of photons with energy in the range E to E + dE emitted 
through unit area per unit solid angle per unit time at some point s on the surface of 
the black body [6]. This expression is given by  









)𝑑𝛺𝑑𝑺𝑑𝐸                     (1.1) 
where ℎ is Planck’s constant, 𝑐 is the speed of light in vacuum, and 𝑘 is Boltzmann’s 
constant. In equation 1.1, dS is the element of surface area around s and dΩ is the unit 
of solid angle around the direction of emission of light (θ, φ). In order to obtain the 
flux normal to the surface φbb, the component Φbb must be integrated over the solid 
angle and resolved along dS. The expression for φbb is given in equation 1.2 as 


















)𝑑𝑆𝑑𝐸                                 (1.2) 
Fs is the projected solid angle that results from integrating over the appropriate 
angular range and is given by 
𝐹𝑠 = 𝜋sin
2𝛼                                                       (1.3) 
where 𝛼 is the half angle subtended by the radiating body, the sun, to the point where 
the flux is measured. If the flux was measured at the surface of the blackbody, the 
total angular range would be the hemisphere and 𝐹𝑠 =𝜋. For the sun as seen from the 
Earth as shown in figure 1b, 𝛼 = 0.26˚. The argument s can be omitted from φbb if the 
temperature at the surface of the black body is uniform. In this case, the expression 
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b) Illustration showing half angle 
of sun as seen from Earth a) Geometry used to obtain solid angle 𝑑𝛺 
Figure 1: Relationship between Φbb and φbb and illustration of half angle 𝛼 





Figure 2 is a plot of the blackbody spectral irradiance for 5760 K, 5000 K, 4000 K, 
and 300 K. As shown in this plot, the spectral irradiance is highest corresponding to 
the temperature of the sun of 5760 K and falls within the visible range of the 
electromagnetic spectrum. Observe that around room temperature of 300K, there is 
little to no blackbody spectral irradiance in the range plotted here. It is important to 
note that this plot is the amount of blackbody radiation as seen by someone on earth. 
It is not computed for a blackbody on the surface but rather modified by a factor of 
half angle of sun in sky which is reported to be 0.26 degrees. The blackbody emission 
at the sun’s temperature of 5760 K falls within the range of visible light. As the 
temperature of the blackbody decreases, the peak of the emission shifts more into the 
IR range of wavelengths and the intensity of irradiance also decreases because the 







































Figure 2: Blackbody spectral irradiance for different 
temperatures ***computed with half angle of sun. Not 
computed for pure blackbody, modified by factor of half angle 
of sun in sky reported to be 0.26 degrees  





emission is exponentially dependent on the inverse of the temperature. The colder the 
blackbody, the less emission.  
When we take 𝛼 = 0.26˚, the expression for φbb represents the spectral photon flux 
density of the sun as measured by someone on earth and represents the number of 
photons emitted from the sun per unit area per energy. The solar irradiance or emitted 
power density is related to the spectral photon density by  
𝐿(𝐸) = 𝐸𝜑𝑏𝑏(𝐸)                                                     (1.5) 
The total solar irradiance is obtained by integrating L(E) over all E. The power 
density at the sun’s surface is 62 MW/m2 but the solar irradiance as observed just 
outside the Earth’s atmosphere is reduced to 1353 W/m2 due to the Earth’s great 
distance from the sun [6]. As the sunlight passes through the atmosphere, some of the 
light is absorbed and scattered by particles in the atmosphere so that the solar 
radiation spectrum reaching the surface of the Earth is further attenuated. The ‘Air 
Mass’ is a factor quantifying the absorption in the atmosphere and how it affects the 
distribution and intensity of the solar spectrum reaching the Earth’s surface. The ‘Air 
Mass’ number is given by  
𝐴𝑖𝑟 𝑀𝑎𝑠𝑠 =  
1
cos 𝜃
                                                     (1.6) 
Where 𝜃 is the angle of incidence of the sunlight (𝜃 = 0 when the sun is directly 
overhead). Air Mass 1.5 or AM1.5 (𝜃 = 48.2°) is a widely used standard spectrum 
normalized to an integrated irradiance of 1000 W/m2.  Figure 3 illustrates the angle of 
incidence of sunlight for AM0 and AM1.5. The solar radiation spectrum reaching the 
Earth’s surface has a diffuse or indirect component as well meaning the light is 





accounts for up to 15% of the light reaching the Earth’s surface but can be larger at 
high altitudes or in areas with more cloud cover [7]-[9]. The air mass number is also 
defined by whether the diffuse component is included. The AM1.5g (global) 
spectrum includes the diffuse component whereas the AM1.5d (direct) does not. A 
plot of the AM0, AM1.5g andAM1.5d spectrums is shown in figure 4.  
1.2 Optical Processes in Solar Cells 
1.2.1 Generation 
 
In order to harness the sun’s energy, the light energy must be converted into electrical 
energy that can be used. In a solar cell, absorption of sunlight occurs when the 
incident light excites electrons from the valence band to the conduction band, 
generating electron-hole pairs (EHPs). The energy of these excited electrons 
generates a potential difference or voltage and as a result, a current is supplied into an 
electric circuit. In an ideal solar cell and in the absence of mid-gap defects, photons 
































Spectra of AM0, AM1.5g and AM1.5d
Figure 4: Plot of AM0, AM1.5d and AM1.5g 
spectra 
Figure 3: Illustration of angle of 
incidence of sunlight for AM0 and 





from the incident light are only absorbed if they have energy equal to or greater than 
the band gap energy of the semiconductor. If the photons have energy less than the 
band gap, the photons will be transmitted through the material. This is the reason why 
pure silicon is transparent at wavelengths greater than 1200 nm.  
In direct band gap semiconductors like GaInP and GaAs, the crystal momentum is the 
same for electrons and holes in the conduction band and valence band respectively 
[11]-[12]. Photons are easily absorbed in such semiconductors because no change in 
momentum is needed for an electron to be excited to the conduction band. In an 
indirect band gap semiconductor such as Ge, the valence band maximum occurs at a 
different crystal momentum from the conduction band minimum. In order to conserve 
electron momentum during the photon absorption process, there must be a phonon 
involved. Phonons represent lattice vibrations in a semiconductor and since the lattice 
vibrations are random, the probability of encountering a phonon of the right 
momentum for absorption is very low. Therefore, photon absorption is very low in 
indirect band gap semiconductors and as a result, thicker layers and photonic 
engineering are needed to absorb all the incoming photons [7]. 
1.2.2 Recombination Mechanisms 
 
Whether charge carriers, i.e., electrons and holes are generated via illumination or via 
injection of current, the concentration of holes and electrons will eventually tend 
toward their equilibrium levels. Recombination is the process of an electron losing 
energy and thermalizing back to the valence band. This section will discuss the three 
main types of recombination: Radiative, Shockley-Read-Hall and Auger 





electron concentration, 𝑝 represents the hole concentration and 𝑛𝑖 represents the 
intrinsic carrier concentration.  
Radiative 
 
Radiative or band-to-band recombination is the inverse of the EHP generation process 
in semiconductors and is more efficient in direct bandgap semiconductors. In this 
recombination, an electron in the conduction band directly combines with a hole in 
the valence band and releases a photon whose energy Eph is approximately equal to 
the energy of the bandgap Eg. The net recombination rate follows equation 1.7 where 
B is a radiative recombination constant.  
𝑈𝑟𝑎𝑑 = 𝐵(𝑝𝑛 − 𝑛𝑖
2)                                                (1.7) 
Shockley-Read-Hall 
 
Shockley-Read-Hall (SRH) recombination is a two-step process that occurs through 
lattice defects, or traps in the semiconductor. An electron from the conduction band 
falls into a trap with energy ET. From this trap energy level, the electron can make a 
second transition to an empty state in the valence band, recombining with a hole. It is 
also possible for the recombination to occur at the energy level ET if a hole from the 
valence band is excited to the trap energy level before the electron is re-emitted to the 
conduction band. The net recombination rate follows equation 1.8 where τSRH,n and 





𝜏𝑆𝑅𝐻,𝑛 (𝑝 + 𝑛𝑖𝑒
𝐸𝑖−𝐸𝑇
𝑘𝑇 ) + 𝜏𝑆𝑅𝐻,𝑝 (𝑛 + 𝑛𝑖𝑒
𝐸𝑇−𝐸𝑖
𝑘𝑇 )








Auger recombination is a three-carrier process similar to radiative recombination but 
instead of the energy being emitted as a photon, the energy is given to another carrier 
either in the conduction band or the valance band. This third carrier then thermalizes 
back to its original energy, giving up the extra energy to phonons and ultimately as 
heat to the lattice. Auger recombination is the inverse process to impact ionization, 
where a high energy electron collides with an atom in the crystal, breaking the bond 
and creating an electron-hole pair. The net recombination rate follows equation 1.9 
where Cn and Cp are parameters of the material for low-injection.  
𝑈𝐴𝑢𝑔𝑒𝑟 = (𝐶𝑛𝑛 + 𝐶𝑝𝑝)(𝑝𝑛 − 𝑛𝑖
2)                                      (1.9) 
Figure 5 below illustrates the three recombination processes in semiconductors.  
1.3 Derivation of Solar Cell I-V Characteristics  
1.3.1 Detailed Balance 
 
The detailed balance limit also known as the Shockley-Queisser limit states that at 
thermal equilibrium, there must be a balance between the incoming photons from the 
sun and the outgoing photons from recombination to obtain a maximum efficiency 





and current-voltage (I-V) characteristic of a solar cell. This principle is based a few 
assumptions [16]-[18]:  
(i) All photons with energy Eph greater than the bandgap Eg will be absorbed and 
will generate electron-hole pairs (EHPs) 
(ii) There is perfect collection of carriers – leading to infinite mobility 
(iii) Radiative recombination is the only allowed mechanism for recombination 
These assumptions will be used to derive the short-circuit current or photocurrent and 
ultimately to derive the I-V characteristic of a solar cell.  
Photocurrent Jsc 
 
The photocurrent density Jsc under illumination is due to the net absorbed flux from 
the sun φsun and is defined by equation 1.10. 
𝐽𝑠𝑐 = 𝑞 ∫ 𝑎(𝐸)𝜑𝑠𝑢𝑛(𝐸)𝑑𝐸
∞
0
= 𝑞 ∫ 𝜑𝑠𝑢𝑛(𝐸)𝑑𝐸
∞
𝐸𝑔
                        (1.10) 
Where q is the elementary charge and a(E) is the absorptance. Every photon is 
absorbed above the bandgap so the absorptance is assumed to be zero below and unity 
above the bandgap energy Eg.  
Dark Current Jdark 
 
When a solar cell is in thermal equilibrium with the ambient, i.e. when the cell is in 
the dark, every photon absorption event must be balanced by the inverse process of a 
photon emission event. Any contradiction of this assumption of thermal equilibrium 
means that there is a net flow of energy. When a bias is applied across the solar cell, 
the device is no longer in equilibrium. As a result of the applied bias, there is a non-





where radiation is emitted. Assuming that ∆µ is constant everywhere and equal to the 
product qV, the emitted photon flux φ under the applied bias voltage V is given as 









                                   (1.11) 
Where h is Planck’s constant, c is the speed of light in vacuum, k is Boltzmann’s 
constant and T is temperature. This equation is very similar in form to equation 1.4 
because it is also a photon flux density but due to an applied bias voltage. Equation 
1.11 can be simplified to 
𝜑[𝑉, 𝐸] = 𝑎(𝐸)𝜑𝑏𝑏(𝐸) exp (
𝑞𝑉
𝑘𝑇
)                                 (1.12) 
When a bias is applied to a solar cell, recombination is the only way for photon 
emission to occur and since radiative recombination is one of the assumptions of the 
detailed balance limit, the emitted photon flux described in equation 1.11 must be due 
to a recombination current Jrec. Therefore, the entire recombination current Jrec = qΦ 
where Φ is the integration of 𝜑[𝑉, 𝐸] over all energies [16]-[18]. The dark current is 
the current which flows through the solar cell when a bias is applied in the dark and 
under these conditions, the total current is given by  
𝐽𝑑𝑎𝑟𝑘 = 𝐽0,𝑟𝑎𝑑(𝑒
𝑞𝑉
𝑘𝑇 − 1)                                              (1.13) 
Where J0,rad is the radiative saturation current density is given by 
𝐽0,𝑟𝑎𝑑 = 𝑞𝛷(0) = 𝑞 ∫ 𝑎(𝐸)𝜑𝑏𝑏(𝐸)𝑑𝐸
∞
0
= 𝑞 ∫ 𝜑𝑏𝑏(𝐸)𝑑𝐸
∞
𝐸𝑔






Derivation of I-V Characteristic 
 
In order to get the overall current-voltage (I-V) characteristic of the solar cell, the 
dark current Jdark must be subtracted from the photocurrent Jsc to get the net current 
density J [19].  
𝐽 = 𝐽𝑠𝑐 − 𝐽𝑑𝑎𝑟𝑘 = 𝐽𝑠𝑐 − 𝐽0,𝑟𝑎𝑑(𝑒
𝑞𝑉
𝑘𝑇 − 1)                                 (1.15) 
From this equation, it can be seen that the maximum voltage generated due to 
illumination is when the net current density J is equal to zero. Having a net current 
density of zero means that the solar cell is under open circuit conditions and therefore 
the maximum voltage is referred to as the open-circuit voltage. Setting J = 0 and 
solving for V, we obtain the radiative limit for the open-circuit voltage Voc as shown 
in equation 1.16. This is known as the radiative limit because of the detailed balance 
assumption that radiative recombination is the only allowed mechanism for 







+ 1)                                      (1.16) 
1.3.2 Key Parameters from an I-V Curve  
 
Short-circuit current and open-circuit voltage 
 
The short-circuit current Isc and the open-circuit voltage Voc are both characteristics 
of the solar cell that can be seen from an I-V curve. The short-circuit current is the 
maximum current that can be drawn from the device when the voltage across the 





current density, J = I/A and make J-V plots. The open-circuit voltage is the maximum 
voltage available from the solar cell when the net current density is equal to zero.  
Fill Factor 
 
The power density (power generated per unit area of the cell) for a solar cell is given 
by equation 1.17 below.   
𝑃 = 𝐽𝑉                                                            (1.17) 
The short-circuit current and the open-circuit voltage are the maximum current and 
voltage from the solar cell but the power density at these points is zero. The power 
density is a maximum at the solar cell’s maximum power point which occurs at a 
voltage Vm and current density Jm where the product of current and voltage produce a 
local maxima. The fill factor (FF) is a ratio of the maximum power of a solar cell to 
the product of Jsc and Voc given by equation 1.18 and describes the “squareness” of 
the I-V curve. The less “square” the I-V curve, the lower the maximum power point. 
In other words, bending at the knee of the I-V curve means a lower fill factor.  
𝐹𝐹 =  
𝐽𝑚𝑉𝑚
𝐽𝑠𝑐𝑉𝑜𝑐





















The power conversion Efficiency  
 
The power conversion efficiency (PCE) of a solar cell η is the ratio of the power 
density at maximum power point to the incident power density Pin from the source of 




                                                        (1.19) 
The incident power density Pin is the power density coming from the sun and is 
slightly different for different illumination conditions such as AM0 and AM1.5. The 
Jsc, Voc, FF and η are the main characteristics describing the performance of a solar 
cell.  
1.4 Characterizing Solar Cells via Electroluminescence 
 
Photon absorption excites carriers to higher energy levels and leads to the creation of 
the excess electron-hole pairs. These excess electron-hole pairs eventually recombine 
and thermalize to their equilibrium states. In direct bandgap materials like GaAs, the 
recombination process results in an emission of a photon and is known as radiative 
recombination as discussed in previous sections. If the carriers are excited by photon 
absorption, the resulting luminescence from recombination is known as 
photoluminescence. If the carriers are excited by applying an electric current to the 
solar cell, the process of photon emission from recombination is known as 
electroluminescence. An example of devices that exhibit this phenomenon is the light 
emitting diode or LED where electric energy is converted directly into light energy. It 
is important to notice that electroluminescence, or EL, is the reciprocal process to the 





energy. This reciprocity is one of the fundamental concepts for the research presented 
in this thesis.  
1.4.1 Reciprocity Theorem 
 
The reciprocity theorem relates a solar cell’s carrier collection properties to its 




 is given by  
𝜑𝑒𝑚(𝐸, 𝑉) = 𝐸𝑄𝐸(𝐸)𝜑𝑏𝑏(𝐸) exp (
𝑞𝑉
𝑘𝑇
)                             (1.20) 
In equation 1.20 above, kT/q is the thermal voltage, V is the internal junction voltage, 
E is the photon energy and EQE is the photovoltaic external quantum efficiency. 
Notice that the terms in the reciprocity theorem can be expressed in terms of current 
densities so that an equation for the radiative emission current Jem is obtained.  
𝑞 ∫ 𝜑𝑒𝑚(𝐸, 𝑉)𝑑𝐸
∞
0






)]                (1.21) 
𝐽𝑒𝑚 = 𝐽𝑒𝑚,0 exp (
𝑞𝑉
𝑘𝑇
)                                             (1.22) 
Notice that Jem,0 and J0,rad from equation 1.15 are the same. Following similar steps as 
in equation 1.16, the radiative emission current Jem must be subtracted from the 
photogenerated current Jsc to get the net current density.  
𝐽 = 𝐽𝑠𝑐 − 𝐽𝑒𝑚 = 𝐽𝑠𝑐 − 𝐽𝑒𝑚,0 exp (
𝑞𝑉
𝑘𝑇
)                             (1.23) 
It is from this expression that the radiative limit for the open circuit voltage Voc,rad can 
be derived once again and it can be seen that it follows from the photovoltaic 





















)            (1.24) 
As mentioned previously, 𝑉𝑜𝑐,𝑟𝑎𝑑 is the maximum voltage available from the solar 
cell and it is the ideal case because it is assumed that only radiative recombination is 
present. However, in a non-ideal scenario, there will be non-radiative recombination 
as well which contributes to a loss term [22]-[29]. In order to quantify this loss, it is 
first important to define the external luminescence quantum yield 𝑦𝑒𝑥𝑡 which relates 
the radiative emission current with the non-radiative recombination current 𝐽𝑛𝑟.  The 
external luminescence quantum efficiency represents the number of external photons 










                                    (1.25) 
In equation 1.25, 𝐽𝑒𝑚 + 𝐽𝑛𝑟 represents the current injected in the dark by the applied 
voltage bias V. In open circuit condition, 𝐽𝑒𝑚 + 𝐽𝑛𝑟 = 𝐽𝑠𝑐 since the total current must 
equal zero (i.e. (𝐽𝑒𝑚 + 𝐽𝑛𝑟) − 𝐽𝑠𝑐 = 0). Solving for the Voc yields the expression 







)                                             (1.26) 
The loss term due to nonradiative recombination can be seen from the difference of 
the radiative limit for Voc in equation 1.24 and the real Voc given in equation 1.26.  















ln(𝑦𝑒𝑥𝑡)    (1.27)  
Note that the negative sign in front of the term comes from the fact that 𝑦𝑒𝑥𝑡 < 1 with 





open circuit voltage or radiative limit is penalized by poor external luminescence 
quantum efficiency. The efficient extraction of photons or light without nonradiative 
recombination yields high voltages. 
𝑉𝑜𝑐 = 𝑉𝑜𝑐,𝑖𝑑𝑒𝑎𝑙 −
𝑘𝑇
𝑞
ln(𝑦𝑒𝑥𝑡)                                          (1.28) 
The loss due to nonradiative recombination is just one of the fundamental losses 
present in solar cells. The next section will provide an overview of these losses.  
1.5 Fundamental Losses in Solar Cells  
 
There are six main losses in solar cells: radiative emission or radiative recombination, 
nonradiative recombination, luminescence coupling, thermalization loss, transmission 
loss, and junction loss [30]-[35]. Figure 7 below illustrates these loss processes.  
Radiative and Nonradiative recombination 
 
Radiative emission occurs when an excited carrier recombines and emits a photon. 
Nonradiative recombination occurs when an excited carrier recombines with a 
phonon emission which is lost as heat to the lattice.  
Luminescence coupling  
 
This loss is more prevalent in multijunction solar cells. In a multijunction solar cell 
such as a triple junction cell, there are three layers of semiconductors stacked on top 
of each other in order of descending band gap energies. For a photon to be absorbed, 
it has to have energy greater than the bandgap Eg of the semiconductor. When 
photons are absorbed and recombine radiatively, photons are emitted in all directions. 
Some of these photons are emitted out of the device and this is known as radiative 





below and this process is known as luminescence coupling [36, 37]. This loss is 
shown in figure 7b below.  
Thermalization loss  
 
When solar radiation is absorbed, some of the generated carriers are excited to an 
energy greater than the band gap energy. The process of these excited carriers 
thermally relaxing to the edge of the band gap energy within the conduction band is 
known as thermalization loss.  
Transmission loss 
 
Incident solar radiation below the band gap of the device is not absorbed, but rather 





Junction loss  
In the operation of a solar cell, excited carriers are fed into an electric circuit so that 
the power can be harvested. However, some of the excited carriers lose potential 
energy as they travel to the junction contacts and this is known as junction loss.  
The research presented in this paper will focus on verifying a method to extract these 
losses via absolute electroluminescence measurements. The instrumentation used to 











Figure 7: Illustrations of losses in solar cells: (1) Thermalization loss; (2) Junction 
loss; (3) Transmission loss; (4) Radiative and nonradiative recombination; (5) 
Luminescence coupling 
b) Multijunction solar cell 





Chapter 2: Data Acquisition via Hyperspectral Imaging 
2.1 What is hyperspectral imaging 
 
In order to understand hyperspectral imaging, it is first necessary to understand 
spectroscopy. Spectroscopy is the study of interaction between materials and 
electromagnetic radiation and a spectrometer is an instrument that splits the incoming 
light into a spectrum of different wavelengths. Each material has a unique spectrum, 
so we are able to identify materials based on spectral signatures. Hyperspectral 
imaging is a technique that combines spectroscopy and imaging to obtain a spectrum 
for each pixel in the image of a target. The result of hyperspectral imaging is a 3-D 
data cube. For example, digital and smartphone cameras divide the spectrum of the 
target into three wavelength bands – red, green and blue (RGB) – to match the human 
vision. On the other hand, hyperspectral imaging divides the spectrum of the target 
into many more bands covering the visible and near-infrared range. It is important to 
note that hyperspectral imaging which refers to the continuous measurement of 
narrow spectral bands differs from multispectral imaging which measures a discrete 





There are two main ways a hyperspectral imager can scan an image: spatial scanning 
which reads images over time (i.e. push broom and whisk broom scanners) and 
spectral scanning which obtains images of a target at different wavelengths. In spatial 
scanning such as push broom scanning, the image is analyzed in lines by projecting 
the image through a slit. In a whisk broom scanner, a point-shaped aperture is used to 
scan the image instead of a slit. In spectral scanning, each 2-D (x,y) output obtained 
from the hyperspectral data cube represents a monochromatic image where the x and 
y dimensions provide spatial information of the sample and the z dimension 
represents the wavelength. The object is scanned for each wavelength through 
different settings of the filter while the stage remains stationary. The hyperspectral 
imager discussed in this paper follows spectral scanning and is based on an optical 
tunable filter which will be detailed in future sections. Figure 8 below shows the 
difference between the different types of hyperspectral imagers.  







There are several applications of hyperspectral imaging. For example, in food 
processing, it is used to detect bruising under avocado skin early on and predict 
ripeness. It has also been used to detect inhomogeneities in samples such as detecting 
plastic mixed with rice. In optometry, such imaging is used for the diagnosis of 
retinopathy and macular edema before damage to eye occurs. In farming, it is used to 
monitor the growth and health of crops. The application of hyperspectral imaging that 
will be discussed in this paper is characterization of solar cells using 




The hyperspectral imager used for our data acquisition is the GRAND-EOSTM from 
Photon etc. This imager has a wide-field imaging platform with both micro- and 
macro-imaging modalities and with a spectral range from 400 to 1700 nm [38]. As 
mentioned above, this hyperspectral imager follows spectral scanning which consists 
of measuring the intensity of light for each pixel at a certain wavelength for all 
wavelengths in the range of interest. Figure 9a below shows the optical path of the 
hyperspectral imager and figure 9b shows a photo of the GRAND-EOSTM. The light 
emitted from the solar cell is collimated by the microscope objective and is then 
projected by a tube lens onto an optical tunable filter which is used to select a single 
wavelength. Finally, the light is then focused on to a Charge-Coupled Device (CCD) 






























Figure 9: (a) Optical path of hyperspectral imager, (b) GRAND-EOSTM 






The Bragg Tunable Filter 
 
The core technology for Photon etc.’s global hyperspectral imager is a Bragg Tunable 
Filter based on Volume Bragg Gratings (VBG). A VBG is made of a photo-thermo-
reflective (PTR) glass (i.e. silver halide) which is exposed to an interference pattern 
from ultra-violet laser radiation at around 325 nm [40]. When the PTR glass is 
exposed to this interference pattern, a variation in charge density is generated across 
the material allowing for modulation of the PTR’s refractive index [40]. This 
modulation can be oriented to either transmit or reflect the incident beam as shown in 
figure 10. VBGs can be described in terms of the refractive index of the PTR glass 
𝑛0, the period 𝛬 of the grating, the angle 𝜃 between the incident beam and the normal 
of the entrance surface ?⃗? , and the inclination of the Bragg planes which is the angle 
𝜑 between the normal ?⃗?  and the grating vector 𝐾𝑔⃗⃗ ⃗⃗  [40]. In the following section, 
VBG may also be referred to as Bragg grating.  
 
Figure 10: (a) Transmission grating, (b) Reflection 





Only a small portion of the incident polychromatic light is diffracted by the VBG. 
The wavelength which will be diffracted depends on whether Bragg’s condition is 
satisfied. Bragg’s law for a VBG is given as follows where 𝜆𝐵 is the diffracted 
wavelength [41]: 
𝜆𝐵 = 2𝑛0𝛬 cos(𝜃 + 𝜑)                                                   (2.1) 
As shown in figure 10 above for transmission gratings, the Bragg planes are 
perpendicular to the entrance surface which means that 𝜑 = 𝜋/2 and Bragg’s law 
becomes:  
𝜆𝐵 = 2𝑛0𝛬 sin(𝜃)                                                       (2.2) 
For reflection gratings, the Bragg planes are parallel to the entrance surface which 
means 𝜑 = 0 and the Bragg condition becomes:  
𝜆𝐵 = 2𝑛0𝛬 cos(𝜃)                                                       (2.3) 
As shown by equations 2.2 and 2.3 above, the diffracted wavelength is dependent on 
the angle 𝜃 of the incident beam. The angle 𝜃 can be adjusted so that multiple 
wavelengths can be imaged. If the incident beam does not meet Bragg’s condition, it 





Figure 11 shows the diffraction efficiency spectrum of a transmission Bragg grating 
shown in figure 9a. The peak, which is centered around 632 nm, has a Full Width at 
Half Maximum (FWHM) equal to 1.8 nm. In this spectrum, we see that the output of 
a VBG is dispersive because even though only a narrow band of wavelengths is 
diffracted, there is still some transmission at other wavelengths in the form of side 
lobes. The VBG attenuates these side lobes to very low levels [41].  
As explained above, the output of a Bragg grating is dispersive so the beam needs to 
be passed through the VBG for a second time in order to account for this dispersion 
and achieve a reduced bandwidth for the filtered optical signal [42]. As shown in 
figure 12 below, the corner cube reflects the beam from the first pass of the VBG into 
another VBG where the output is the filtered optical signal 𝜆𝐵. This output is then 
focused onto a CCD camera where it is imaged.  
 
 






By taking advantage of VBGs’ ability to obtain a small band of wavelengths from a 
polychromatic input, the Bragg Tunable Filter is continuously tunable meaning it can 
be tuned to select a wide range of wavelengths. Figure 13 below shows the designs 
for the transmission and reflection imaging Bragg Tunable Filter [43, 44].  
The input polychromatic beam is focused by the tube lens onto the VBG and after the 
second pass through the volume hologram, the diffracted beam is focused by another 
Figure 12: Schematic of Volume Bragg 
Grating Adapted from [42]  
Figure 13: Bragg Tunable Filter using (a)Transmission grating, (b) Reflection 







tube lens onto the CCD camera where it is imaged. The corner cube and the VBG are 
positioned on rotation stages so that the angle 𝜃 can be easily adjusted and the 
diffracted wavelength can be tuned. An image of the sample is obtained for every 
wavelength in the desired scanning range.  
2.3 Post-processing of Hyperspectral Cube Data 
 
After a hyperspectral cube is taken, some postprocessing needs to be completed 
before the data is used for analysis. Postprocessing includes dark subtraction, 
registration correction and wavelength rectification.  
Dark Subtraction 
 
We used the hyperspectral imager to look at the luminescence response of a solar cell 
when a voltage is applied. A “dark” hyperspectral cube is taken first so that it can be 
subtracted from our “light” data cubes. “Light” refers to the condition where a voltage 
is applied across the solar cell, resulting in luminescence from the surface of the cell 
and “dark” refers to the condition where there is no applied voltage across the cell. 




Registration correction corrects for any translation and dilation between the images in 
the cube that may occur with a change in wavelength and wavelength rectification, 
which is discussed in detail below, corrects for the gradient in wavelength that arises 









The image produced on the CCD camera is a sum of point sources originating from 
different positions of the solar cell as seen by the microscope objective. Each point 
source on the cell produces a collimated beam with a different incident angle on the 
VBG. Therefore, the angular selectivity of the grating results in a gradient in 
wavelength across the image as shown in figure 14a and the image produced on the 
CCD camera consists of vertical lines each with a specific wavelength [43]. In order 
to obtain a monochromatic image, one must scan through a range of wavelengths to 
obtain the wavelength of interest for each image. This reconstruction is done using 













Hyperspectral Data Cube 
 
Figure 15 below shows a hyperspectral image for a GaAs solar cell at 870 nm after all 
post-processing has been completed in the imaging analysis software. The image 
shows a segment of a larger piece of cell where some variations in the EL signal plus 
a few “hot spots” are observed.  
 
The scalebar shows the relative intensity of the signal in “net counts” with the color 
blue representing low to zero counts and color red representing areas of highest 
counts or luminescence. In particular, the left side of the image where current is 
injected into the cell appears to show a brighter EL intensity than the right side. This 
is likely due to the latter series resistance of the material. Also of particular interest 
are localized regions of higher signal such as the large red spots on the left side and a 
few weaker, yellow spots at other locations. Since recombination via defects is 





usually associated with “cold spots”, i.e., areas of weaker signal, these hot spots are 
likely related to imperfect photonic engineering that causes photons generated via 
radiative recombination to escape the GaAs layer instead of getting trapped and 
recycled through the layer. These phenomena lend themselves to more analysis 
beyond the scope of the present work.  
 
If a sample area is selected on the hyperspectral image, we can plot a spectrum of the 
intensity in average net counts as shown in figure 16. As expected, we see that the 
peak of the spectrum is located at 870 nm which corresponds to the bandgap of GaAs. 
Since the area selected is averaged, this spectrum intensity represents the average of 
all the low and high counts in that region. However, if we were to select each of the 
hot spots with a tool called a Target, and plot them in comparison to the original 
spectrum, we would see that the intensity is much higher than the intensity when a 



























rectangular area is selected. This is shown in figure 17. The particular shape of the 
spectra such as broadening of the tail regions also give clues to various physical 
phenomena in a material and the hyperspectral imaging provides for a way to capture 
all this information in one data cube.  
 
2.4 Calibration of Hyperspectral Cube Data 
 
Looking at the intensity plots from section 2.3, we see that they are counts vs. 
wavelength. Measuring data in counts may be acceptable when one is only interested 
in a qualitative image or a relative analysis of various regions of the image. However, 
we need the absolute scale to be able to use the data for quantitative analysis. Recall 




). Doing the unit analysis as shown below, we can see that 



























Figure 17: Intensity spectrum of each hot spot in comparison with intensity spectrum using 





𝜑𝑒𝑚(𝐸, 𝑉) = 𝐸𝑄𝐸(𝐸)𝜑𝑏𝑏(𝐸) exp (
𝑞𝑉
𝑘𝑇
) = 𝑢𝑛𝑖𝑡𝑙𝑒𝑠𝑠 ∙
𝑝ℎ𝑜𝑡𝑜𝑛𝑠 ∙ 𝑒𝑉2






𝑚2 ∙ 𝑠 ∙ 𝑒𝑉
 
Therefore, we must apply a calibration factor to our hyperspectral data (to the net 




order to achieve this, we first obtained the spectral irradiance (units: 
𝑊
𝑚2∙𝑛𝑚
) of a 
quartz-tungsten-halogen (QTH) lamp using a spectroradiometer which gives us the 
intensity of light over a range of wavelengths. This QTH lamp was coupled into a 2- 
inch integrating sphere and a 4 mm pinhole aperture was placed at the exit port. The 
spectroradiometer that we used to measure the irradiance at the plane of the pinhole 
aperture was calibrated using a NIST traceable lamp to ensure that our spectral 
irradiance data is accurate. Figure 18 below shows a plot of the spectral irradiance of 
our QTH light source. Further information on why we decided to use a QTH will be 
explained later in this section. 
































We then took hyperspectral imaging data on the QTH-illuminated pinhole aperture so 
that we obtained plots of intensity in counts vs. wavelength. To obtain the calibration 




divide that quantity by the net count for the QTH. The mathematical steps to calculate 
the CF are detailed below.  





































                                                   (2.5) 
Note that the 𝜆 in equation 2.5 above must be in 𝑛𝑚. Now that we have the spectral 
irradiance in terms of 
𝑊
𝑚2∙𝑒𝑉
, we must convert to photon flux per eV, which we will 
denote as 𝜑𝑐𝑎𝑙, as shown below in order to compare it with our hyperspectral imaging 
data. Let us denote the photon flux per eV as 𝜑𝑐𝑎𝑙. Doing the unit analysis, we see 
















𝑚2 ∙ 𝑠 ∙ 𝑒𝑉
 









where 𝐿𝐶𝑅 is the 𝑙𝑖𝑔ℎ𝑡 𝑐𝑜𝑢𝑛𝑡 𝑟𝑎𝑡𝑒 defined below.  




Recall that in section 2.3, we mentioned that “light” refers to the condition where a 
voltage is applied across the solar cell and “dark” refers to the condition where there 
is no applied voltage across the cell. Therefore, “light count” is defined as follows. 
𝑙𝑖𝑔ℎ𝑡 𝑐𝑜𝑢𝑛𝑡 = 𝑡𝑜𝑡𝑎𝑙 𝑐𝑜𝑢𝑛𝑡 − 𝑑𝑎𝑟𝑘 𝑐𝑜𝑢𝑛𝑡 
The count rate we obtain from the hyperspectral imaging data can be multiplied by 
this CF to get the absolute EL spectrum. Let us denote the absolute EL intensity as 
𝜑𝑐𝑒𝑙𝑙 in the desired units.  
𝜑𝑐𝑒𝑙𝑙 = 𝐿𝐶𝑅 𝑜𝑓 𝑠𝑜𝑙𝑎𝑟 𝑐𝑒𝑙𝑙 ∗ 𝐶𝐹 [
𝑝ℎ𝑜𝑡𝑜𝑛𝑠
𝑚2 ∙ 𝑠 ∙ 𝑒𝑉
]                      (2.8) 
In order to obtain the calibration factor, we needed to follow this process of obtaining 
spectral irradiance data using a spectroradiometer as well as hyperspectral imaging 
data and then performing the calculations outlined above. Ultimately, we ended up 
using a QTH illuminated pinhole to perform these tasks but initially, we thought of 
using LEDs of different wavelengths (i.e. 660 nm, 850 nm, and 940 nm) to obtain 
calibration factors for different junctions of a multijunction cell. For example, 660 nm 
corresponds to the wavelength peak of GaInP. Although we did have limited success, 
however, we soon found out that the very narrow LED emission profiles coupled with 
very narrow luminescence signals for some materials such as GaAs results in “cross-
talk” in the calibration factor, meaning the calibration factor does not end up 
eliminating the underlying shape of the LED itself. The likely reason for the cause of 





visible range, whereas the spectroradiometer has a resolution of less than 1 nm. 
Therefore, very narrow peaks present a problem here. In summary, the calibrating 
light source needs to be a broad-band light source itself and QTH fits that description 
well. Figure 19 shows the spectral irradiance data for the 850 nm LED that we 
initially tried to use for the GaAs intensity calibrations and we can see that the peak is 
very narrow.   
  
 
2.4 Hyperspectral Cube Images for a GaAs Solar Cell 
 
Figure 20 below shows an example of the types of images that can be obtained using 
hyperspectral imaging. The images shown are for a GaAs solar cell at 820 nm, 870 
nm which is the wavelength corresponding to the bandgap energy of GaAs and at 890 
nm.  



































From these images, we are able to see many features of the cell such as hot spots as 
we discussed earlier and the texturing on the top of the cell from the manufacturing 







process. As we increase the wavelength to 890 nm, we are also able to see the 
numbers which are stamped on the back contact of the solar cell by the 
manufacturers. One question that might arise is why these numbers are visible at 890 
nm but not at 820 nm or 870 nm. The absorption coefficient for GaAs decreases with 
increasing wavelength which means that the chance of photons getting absorbed is 
much lower at 890 nm as compared to 820 nm or 870 nm [46]. Therefore, the photons 
have a higher chance of penetrating through the solar cell and reflecting off of the 
back contact allowing for the stamped numbers to be visible.   
The next chapter will focus on discussing the results from the experimental data. It is 
noted that although hyperspectral imaging allows us to image entire areas of devices, 
ultimately our quantitative data will be presented by selecting a region of the device 
close in size to the whole device area and obtaining an average count from that 
region. This averaged net count data can then be converted to absolute photon flux 
and used in the context of the reciprocity relationship and compared with global 
device measurements such as I-V curve measurements. Therefore, the imaging 
capabilities of the hyperspectral system were not necessarily needed for the analysis 
that is presented in chapter 3 and were only used to extract an average EL signal from 
the entire device. Fortuitously, the multijunction solar cells that we probed were 
extremely uniform across entire device areas with minimal interesting features or 











Chapter 3: Characterizing Subcell Losses in Multijunction Solar 
Cells 
3.1 Different Multijunction Solar Cells 
 
We took data on three different triple-junction solar cells labeled as follows: Solar 
Junction, EMCORE, SPECTROLAB. The Solar Junction cell consisted of 
GaInP/GaAs/GaInNAs junctions and has an area of 0.988 cm2. The EMCORE and 
SPECTROLAB cells both consisted of GaInP/GaAs/Ge junctions but were made by 
different manufacturers. The EMCORE cell has an area of 0.818 cm2 and the 
SPECTROLAB cell has an area of 2.27 cm2. Throughout this chapter, the three 
junctions of the cells may be referred to by their semiconductor names or by “top 
junction,” “middle junction” and “bottom junction.” The loss parameters presented in 
this paper are for the cells working at maximum power point and in order to find the 
maximum power point, we must have the I-V curves of not only the whole device but 
each subcell (junction). Of course since these triple junction solar cells each consist of 
three series-connected cells, we cannot directly measure each junction’s I-V curve. 
The current-dependent EL measurements that are presented in this chapter provide for 
a reliable way to compute each junction’s unique I-V curve. The methods to calculate 
the I-V curves and ultimately the losses will be presented in this chapter.   
3.2 Calculation of I-V curves from Electroluminescence Data 
 
The objective of this study is to verify a process to characterize each subcell in a 
multijunction solar cell by taking absolute EL data from each subcell within the 
multijunction stack. The optical losses, which are used in turn to determine 





parameters are to be obtained for the solar cell operating at maximum power point 
because we want to know how much of the incident power is going into losses when 
the output power is greatest from the solar cell. However, we will not know the 
maximum power point unless we obtain the I-V curves. We follow the methodology 
outlined by Chen et. al [47], with the exception that we made some modifications to 
the carrier balance equations (discussed below) to make them more accurately 
representative of the carrier balance process. We show that by going through a series 
of calculations associated with four main figures, we can predict the I-V curves. The 
four main figures presented for each solar cell are 1) Absolute EL spectra with a 
series of  injection current densities, 2) External EL quantum efficiency 𝑦𝑒𝑥𝑡
𝐿𝐸𝐷 as a 
function of injection current density 𝐽𝐿𝐸𝐷, 3) External luminescence quantum 
efficiency 𝑦𝑒𝑥𝑡 as functions of solar cell current density 𝐽, and 4) I-V curves of the 
three-junction solar cells. This section will elaborate on the methods used in order to 
go from our calibrated EL intensity curves to I-V curves and will be organized 
according to the figures.  
3.2.1 Absolute EL spectra with multiple injection current densities 
 
As explained in chapter 2, we must first apply a calibration factor to our raw 
background-subtracted hyperspectral imaging data in order to arrive at the absolute 
EL photon flux 𝑅𝑒𝑥𝑡𝑖→0(𝐸) in units 
𝑝ℎ𝑜𝑡𝑜𝑛𝑠
𝑚2∙𝑠∙𝑒𝑉
. Note that 𝑅𝑒𝑥𝑡𝑖→0 is the same as 𝜑𝑐𝑒𝑙𝑙 in 







To calculate the absolute values for EL intensity, the EL photon flux is divided by the 
current density in terms of the number of electrons. This is shown in equation 3.1 
below.  










































































































































Figure 21: Absolute EL Photon Flux 𝑅𝑒𝑥𝑡𝑖→0 for each junction of the Solar Junction cell 
(a) Top Junction: GaInP (b) Middle Junction: GaAs 

























 as a function of energy 𝑒𝑉, the absolute EL spectrum is obtained and 
we repeat this process for the other injection current densities. It is noted that we 
obtain the  𝐽𝐿𝐸𝐷 by taking the sourced current,  𝐼𝐿𝐸𝐷 and dividing it by the nominal 
device area.  
Figure 22 shows the absolute EL spectra for the three solar cells. In general, our EL 
emission rates for the EMCORE and SPECTRLAB cells, which consisted of 
GaInP/GaAs/Ge junctions, were lower in magnitude than those presented in the Chen 
et. al paper compared at similar current densities. This may be due to variations in 
cell manufacturing. We can also notice that in all three of the cells, the middle 
junction GaAs for all three cells has a higher EL peak compared to the top junction 
GaInP. This suggests a higher amount of radiative recombination in GaAs as 
compared to GaInP for the same current density. Furthermore, the SPECTROLAB 
EL intensities are in general lower even though higher current densities were applied. 
For the GaInNAs junction on the Solar Junction cell, we needed to go to relatively 
high current densities in order to obtain a noticeable signal in our hyperspectral 
imager. Even at such high current densities, the EL intensities are very small as seen 










3.2.2 External EL quantum yield 𝑦𝑒𝑥𝑡
𝐿𝐸𝐷 vs. 𝐽𝐿𝐸𝐷 
 
External EL quantum yield gives the ratio of the number of photons emitted out from 
the junction over the electrons injected in. In order to obtain a plot of this EL 
quantum efficiency as a function of the injection current density, the absolute EL 
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Figure 22: Absolute EL Spectra for each cell 






spectra which are in units 
𝑝ℎ𝑜𝑡𝑜𝑛𝑠
𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠∙𝑒𝑉
 as a function of 𝑒𝑉 can simply be integrated to 
obtain the quantum yield over all emission energies. This process gives the 
𝑦𝑒𝑥𝑡
𝐿𝐸𝐷shown in Fig. 23.  
The plot for the Solar Junction cell is shown on a log-log scale due to the high current 
densities of the GaInNAs junction. We can see that the higher the magnitude of the 
EL peak, the higher the magnitude of the 𝑦𝑒𝑥𝑡
𝐿𝐸𝐷. The SPECTROLAB cell had lower 
magnitudes for the EL peak and therefore the 𝑦𝑒𝑥𝑡
𝐿𝐸𝐷s for all of the junctions are 
lower in magnitude. In general, we notice that the external EL quantum efficiency 
increases with increasing injection current density although this increase begins to 
plateau for the EMCORE and SPECTROLAB cells. The higher quantum yield at 
higher current densities is the result of increased radiative recombination in these 
materials because defect-mediated non-radiative recombination phenomena tend to 






3.2.3 External luminescence quantum yield 𝑦𝑒𝑥𝑡 
 
The external luminescence quantum yield or efficiency 𝑦𝑒𝑥𝑡 is the same as the 
external EL quantum efficiency 𝑦𝑒𝑥𝑡
𝐿𝐸𝐷 when the number of carriers in the device 














































































































under the solar cell operation is the same as when measured in the injection (LED) 
mode. The 𝑦𝑒𝑥𝑡 is expressed as a function of the solar current density 𝐽 whereas the 
𝑦𝑒𝑥𝑡
𝐿𝐸𝐷 is expressed as a function of injection current density 𝐽𝐿𝐸𝐷. The 𝑦𝑒𝑥𝑡 can be 
derived based on carrier balance equations presented below.  
Carrier Balance Equations 
 
Since our 3-junction solar cells are series-connected internally within the stacked 
layers and in order of decreasing band gap (i.e. Eg1>Eg2>Eg3), we can use the 
following carrier balance equations to describe the optoelectronic processes that occur 




= 𝑅𝑒𝑥𝑡1→0 + 𝑅𝑒𝑥𝑡1→2 + 𝑅𝑛𝑟1 ≡ (
1
𝑦𝑒𝑥𝑡1




+ 𝑅𝑒𝑥𝑡1→2 = 𝑅𝑒𝑥𝑡2→0 + 𝑅𝑒𝑥𝑡2→3 + 𝑅𝑛𝑟2 ≡ (
1
𝑦𝑒𝑥𝑡2




+ 𝑅𝑒𝑥𝑡2→3 = 𝑅𝑒𝑥𝑡3→0 + 𝑅𝑒𝑥𝑡3→𝑆 + 𝑅𝑛𝑟3 ≡ (
1
𝑦𝑒𝑥𝑡3
)𝑅𝑒𝑥𝑡3→0         (3.4) 
In the above equations, 𝑅𝑠𝑢𝑛𝑖 = ∫𝐸𝑄𝐸𝑖 (𝐸)𝑆𝐴𝑀0(𝐸)𝑑𝐸 is the absorption rate of the 
sunlight where the subscript 𝑖 refers to each subcell (𝑖 = 1, 2 𝑎𝑛𝑑 3). 𝐸𝑄𝐸𝑖 is the 
external quantum efficiency of each subcell and 𝑆𝐴𝑀0 is the AM0 photon flux per 
energy in units 
𝑝ℎ𝑜𝑡𝑜𝑛𝑠
𝑚2∙𝑠∙𝑒𝑉
. The method for conducting EQE measurements can be found 
in reference [48]. 𝐽 is the solar cell current density where + is for forward bias 
injection current and – is for photogenerated current. 𝑅𝑒𝑥𝑡𝑖→0 is the external radiative 
emission rate which means the number of photons (per unit area per second per eV) 
that are produced as a result of radiative recombination. The subscript 0 refers to air 





junction to air where they are detected by camera. The values of 𝑅𝑒𝑥𝑡𝑖→0 were 
experimentally obtained using electroluminescence measurements and this will be 
further explained in future sections. 𝑅𝑒𝑥𝑡𝑖→𝑖+1 is the luminescence coupling (LC) rate 
which is the radiative emission from junction 𝑖 which is emitted into junction 𝑖 + 1. 
The LC effect is basically the result of the same radiative recombination process that 
gives 𝑅𝑒𝑥𝑡𝑖→0, with the difference that the emitted photons are emitted down towards 
the lower band gap junction below. Notice that this luminescence typically occurs at 
the edge of the band gap and therefore the emitted photons have similar energies as 
the size of the band gap. When the reflectivity of the interfaces is very close to zero at 
the upper and lower regions of the 𝑖𝑡ℎ subcell and 𝑛𝑖 < 𝑛𝑖+1, where  𝑛𝑖 is the index of 
refraction of junction i, the expression for luminescence coupling simplifies to 
𝑅𝑒𝑥𝑡𝑖→𝑖+1 = 𝑛𝑖
2𝑅𝑒𝑥𝑡𝑖→0. The nonradiative recombination rate, which is a major 
recombination mechanism in these devices is represented by 𝑅𝑛𝑟𝑖, and 𝑅𝑒𝑥𝑡3→𝑆 shows 
the radiative emission from junction 3 to the substrate and is set to 0 for the devices 
presented in this paper because it is insignificant compared to other terms. 𝑦𝑒𝑥𝑡𝑖 is the 
luminescence quantum yield which represents the number of electrons that are 
converted to photons when the device is operated in solar cell mode. 
The first equalities show a carrier balance between the number of carriers generated 
and the number of carriers that recombine, both radiative and nonradiative. This 
carrier balance is equivalent to dividing the radiative emission 𝑅𝑒𝑥𝑡𝑖→0 by the 





𝑦𝑒𝑥𝑡𝑖 and the external radiative emission rate 𝑅𝑒𝑥𝑡𝑖→0 can be expressed as a function of 












+ 𝑅𝑒𝑥𝑡2→3) = 𝑅𝑒𝑥𝑡3→0   [𝐽]                           (3.7) 
where the brackets [𝐽] indicate that  𝑦𝑒𝑥𝑡𝑖 is a function of 𝐽, the current density in the 
solar cell mode operation. We can also express 𝑦𝑒𝑥𝑡
𝐿𝐸𝐷 and 𝑅𝑒𝑥𝑡𝑖→0 as a function of 
the incident carriers in LED mode as shown in the following equations. The absolute 










+ 𝑅𝑒𝑥𝑡𝐿𝐸𝐷 1→2) = 𝑅𝑒𝑥𝑡2→0[𝐽𝐿𝐸𝐷]                       (3.9) 
𝑦𝑒𝑥𝑡3
𝐿𝐸𝐷[𝐽𝐿𝐸𝐷]  ( 
𝐽𝐿𝐸𝐷
𝑞
+ 𝑅𝑒𝑥𝑡𝐿𝐸𝐷 2→3) = 𝑅𝑒𝑥𝑡3→0  [𝐽𝐿𝐸𝐷]                  (3.10) 
Obtaining 𝐽 as a function of 𝐽𝐿𝐸𝐷 
 
Since we do not conduct experiments in solar cell operation, we are not able to 
measure the luminescence quantum yield 𝑦𝑒𝑥𝑡𝑖. We know that the 𝑦𝑒𝑥𝑡𝑖 should equal 
the external EL quantum efficiency 𝑦𝑒𝑥𝑡𝑖
𝐿𝐸𝐷 given that the number of carriers in the 
device are the same. This assumption is taken for simplicity [49]. As a result, we must 





equivalency. For junction 1, we can solve for 𝐽 by equating the two current densities 








)                                  (3.11) 
𝑞𝑅𝑠𝑢𝑛1 + 𝐽 =  𝐽𝐿𝐸𝐷    →     𝐽 = 𝐽𝐿𝐸𝐷 − 𝑞𝑅𝑠𝑢𝑛1                            (3.12) 
For junction 2 and junction 3, we have a luminescent coupling term present with the 
𝑅𝑒𝑥𝑡𝑖→𝑖+1 as we can see in the solar cell current densities. We included the 
luminescent coupling term for the cell in LED operation as well, which is denoted as 
𝑅𝑒𝑥𝑡𝐿𝐸𝐷 𝑖→𝑖+1. As a result, we have two implicit functions: one for 𝐽 and one for  𝐽𝐿𝐸𝐷. 








+ 𝑅𝑒𝑥𝑡𝐿𝐸𝐷 1→2)          (3.13) 
 𝑞𝑅𝑠𝑢𝑛2 +  𝐽 + 𝑞𝑅𝑒𝑥𝑡1→2 =    𝐽𝐿𝐸𝐷 + 𝑞𝑅𝑒𝑥𝑡𝐿𝐸𝐷 1→2                            (3.14) 
Following the definition for luminescence coupling, we can expand 𝑅𝑒𝑥𝑡1→2 and 
𝑅𝑒𝑥𝑡𝐿𝐸𝐷 1→2 as follows. 
 𝑅𝑒𝑥𝑡1→2= 𝑛1
2𝑅𝑒𝑥𝑡1→0[𝐽] where  




𝑅𝑒𝑥𝑡𝐿𝐸𝐷 1→2 = 𝑞𝑛1
2𝑅𝑒𝑥𝑡𝐿𝐸𝐷 1→0[𝐽𝐿𝐸𝐷] where  





For junction 3, we follow the same steps by setting equal 𝑦𝑒𝑥𝑡3  and 𝑦𝑒𝑥𝑡3








+ 𝑅𝑒𝑥𝑡𝐿𝐸𝐷 2→3)                (3.15) 





Following the definition for luminescence coupling once again, we can expand 
𝑅𝑒𝑥𝑡2→3 and 𝑅𝑒𝑥𝑡𝐿𝐸𝐷 2→3 as follows. 
𝑅𝑒𝑥𝑡2→3= 𝑛2
2𝑅𝑒𝑥𝑡2→0[𝐽] where  
𝑅𝑒𝑥𝑡2→0[𝐽] = 𝑦𝑒𝑥𝑡2 (𝑅𝑠𝑢𝑛2 +
𝐽
𝑞




𝑅𝑒𝑥𝑡𝐿𝐸𝐷 2→3 = 𝑛2
2𝑅𝑒𝑥𝑡𝐿𝐸𝐷 2→0[𝐽𝐿𝐸𝐷] where  
𝑅𝑒𝑥𝑡𝐿𝐸𝐷 2→0[𝐽𝐿𝐸𝐷] = 𝑦𝑒𝑥𝑡2
𝐿𝐸𝐷( 𝐽𝐿𝐸𝐷 + 𝑞𝑅𝑒𝑥𝑡𝐿𝐸𝐷 1→2) ∗ (𝐽𝐿𝐸𝐷 + 𝑞𝑅𝑒𝑥𝑡𝐿𝐸𝐷 1→2) 
As shown in equations 3.14 and 3.16, we have implicit functions for 𝐽 and 𝐽𝐿𝐸𝐷 on the 
left and right-hand sides respectively. After solving these implicit functions, we can 
find the corresponding solar cell current densities 𝐽 for a given set of 𝐽𝐿𝐸𝐷 values. We 
know the 𝑦𝑒𝑥𝑡 values and we now know the solar cell current densities 𝐽 so we can 
plot the external luminescence quantum yield as a function of solar cell current 
density.  
The 𝑅𝑠𝑢𝑛 values used for the individual junctions for the three solar cells are 
presented in Table 3.1 below.  
Table 3.1: 𝑅𝑠𝑢𝑛 values for three solar cells under AM 0 spectrum 
𝑅𝑠𝑢𝑛𝑖(𝑚𝐴/𝑐𝑚
2) 𝑆𝑜𝑙𝑎𝑟 𝐽𝑢𝑛𝑐𝑡𝑖𝑜𝑛 𝐸𝑀𝐶𝑂𝑅𝐸 𝑆𝑃𝐸𝐶𝑇𝑅𝑂𝐿𝐴𝐵 
𝑅𝑠𝑢𝑛1 18.5103 17.4541 17.1029 
𝑅𝑠𝑢𝑛2   14.9975 17.5734 17.2659 





Figures 24 a-c show the plots for 𝑦𝑒𝑥𝑡 for the three solar cells. Note that the 𝑦𝑒𝑥𝑡 is 
maximum when the solar cell current density is zero, i.e., when each junction is 
forced to operate near its Voc. It is from these plots that we will be able to calculate 
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each subcells’s I-V curves. We will see later in this chapter that the 𝑦𝑒𝑥𝑡 plots have an 
effect on the magnitude of the Voc values.   
3.2.4 I-V curves of three junction solar cells 
 
Using the information in the plots of 𝑦𝑒𝑥𝑡 vs. 𝐽, we can express the 𝑅𝑒𝑥𝑡𝑖→0 in terms of 
𝐽 and predict the I-V curves according to the reciprocity theorem as detailed below.  
Reciprocity Theorem and Prediction of I-V Characteristics 
 
As mentioned in chapter 1, electroluminescence is the reciprocal process to the 
conventional operation of a solar cell in which light energy is converted to electric 
energy. The reciprocity theorem allows us to relate the electroluminescence emission 
rate to the external quantum efficiency and voltage across a particular junction of the 
solar cell. The electroluminescence emission rate is given by equation 1.20 in chapter 
1 and is the quantity 𝑅𝑒𝑥𝑡𝑖→0that we have been discussing above, restated in equation 
3.17 below with a series resistance 𝑅𝑆 included to account for any resistance in the 
contacts and wires. By fitting this equation to EL data taken on each junction’s 
isotype cell, we determined the series resistance to be approximately 𝑅𝑠 ≈ 0.315 𝛺. 
𝑅𝑒𝑥𝑡𝑖→0(𝐸, 𝑉) = 𝐸𝑄𝐸(𝐸)𝜑𝑏𝑏(𝐸) exp (
𝑞(𝑉 − 𝐼𝑅𝑆)
𝑘𝑇
)                      (3.17) 
To calculate the I-V curves, we solve for the voltage as a function of 𝐽 in 3.17. Using 
the plots of 𝑦𝑒𝑥𝑡 from section 3.2.3, we can calculate the external radiative emission 
rate 𝑅𝑒𝑥𝑡𝑖→0(𝐽) as a function of 𝐽 by using equations 3.5-3.7.  Equation 3.18 shows the 
final expression for the voltage 𝑉𝑖(𝐽) where the subscript 𝑖 denotes each junction in 










< 𝐸𝑄𝐸𝑖 >𝐸𝐿 ∫ 𝜑𝑏𝑏(𝐸)𝑑𝐸
∞
𝐸𝑔𝑖
+ (𝐽 ∗ 𝐴)𝑅𝑆                    (3.18) 





                                (3.19) 
In the absence of trap states, the band gap is the minimum energy required for an 
electron to be excited to the conduction band of a semiconductor and subsequently 
generate a current. The EQE gives the ratio of the number of electrons collected from 
the cell over the number of incident photons and is usually presented over a range of 
energies. For the calculation of the band gap energies, we followed a standard method 
where the maximum of  
𝑑𝐸𝑄𝐸𝑖
𝑑𝐸
 gives the 𝐸𝑔𝑖 [50]. The EQE distributions for each of 
the cells are shown in the Figure 25 below. The band gap values used in this paper are 
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Table 3.2: Band gap energies for each junction for each of the solar cells 
Bandgaps 
𝐸𝑔𝑖 (𝑒𝑉) 
𝑆𝑜𝑙𝑎𝑟 𝐽𝑢𝑛𝑐𝑡𝑖𝑜𝑛 𝐸𝑀𝐶𝑂𝑅𝐸 𝑆𝑃𝐸𝐶𝑇𝑅𝑂𝐿𝐴𝐵 
𝐸𝑔1 1.87058 1.86246 1.79821 
𝐸𝑔2 1.41541 1.39975 1.40018 
𝐸𝑔3 0.934377 *0.69 *0.69 
*Due to limitations in our EQE system, we were not able to properly measure the 
bottom junction for the EMCORE and SPECTROLAB cell. As a result, these band 
gap energies were taken from the supplementary information of the Chen paper [47]. 
Figure 26 shows the calculated I-V curves for all three cells. We can see that the 𝑦𝑒𝑥𝑡 
plots in figure 24 affect the Voc values in these I-V curves in that the higher the 𝑦𝑒𝑥𝑡 
value, the higher the Voc value. For the Solar Junction cell’s bottom junction I-V 
curve data, the current densities are in the negative range and high in magnitude 
because of high current densities when we were taking EL data. It is also important to 
notice that although the EMCORE and SPECTROLAB cells consisted of the same 
type of material, the Voc values for the GaInP and GaAs junction are slightly 
different. This difference in Voc values arises from the difference in 𝑦𝑒𝑥𝑡 values. As 
mentioned in equation 1.27 in chapter 1, the Voc includes a loss contribution due to 
nonradiative recombination equal to −
𝑘𝑇
𝑞
ln(𝑦𝑒𝑥𝑡). For a given junction, the 
difference in the Voc values for the two different cells is equal to the difference in 































































































































 Measured I-V Curve
 GaInP
 GaAs






As we can see in figure 26, we were only able to calculate part of the I-V curves. 
Calculating more complete I-V curves would have required us to take data at lower 
current densities. We could not take data at lower current densities as we did not have 
a strong EL signal. We need to know the maximum power point as well as the full 
shape of the I-V curves in order to calculate the losses so we proceeded to model each 
junction of our cells with the double diode model.   
3.3 Double Diode Model 
 
The double diode model is an equivalent circuit model for a solar cell with two 
diodes, series resistance and shunt resistance where the diodes represent the diffusion 
and recombination processes in a solar cell [51]. Figure 27 below shows a schematic 
of the double diode model equivalent circuit where IPH is the photogenerated current. 













































We used the double diode model to model the I-V curves for each junction in our 
solar cells so that we could obtain more complete I-V curves. There is a single diode 
model which includes only one diode representing the diffusion processes but the 
double diode model is more accurate for the I-V curve because it takes into account 
the recombination processes as well [51]. 
 
The expressions for the current density J as a function of voltage V for each junction 
can be written in both the forward bias direction and the reverse bias direction [48]. 
𝐽𝑖(𝑉) = −𝐽𝑖𝑝ℎ + 𝐽𝑖01 (𝑒𝑥𝑝(










  (𝑓𝑜𝑟𝑤𝑎𝑟𝑑 𝑏𝑖𝑎𝑠 𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛)             (3.21) 






𝐽𝑖(𝑉) = (−𝐽𝑖𝑝ℎ + 𝐽𝑖01 (𝑒𝑥𝑝(




𝑒 (𝑉 − 𝑅𝑖𝑠𝐴𝐽𝑖(𝑉))
𝑛𝑖𝑘𝑇











  (𝑟𝑒𝑣𝑒𝑟𝑠𝑒 𝑏𝑖𝑎𝑠 𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛)                  (3.22) 
In the above equations, 𝐽𝑖𝑝ℎ is the photogenerated current density of the 𝑖
𝑡ℎ junction, 
𝐽𝑖01 is the saturation current density, 𝐽𝑖02 is the saturation current density for the 
depletion region, 𝐴 is the device area, 𝑅𝑖𝑠 is the series resistance, 𝑅𝑖𝑠ℎis the shunt 
resistance, 𝑛𝑖 is the ideality factor, 𝑛𝑖𝑚  is the Miller index and 𝑉𝑖𝑏𝑑 is the breakdown 
voltage. The expression for the reverse bias direction is multiplied by a factor that 
accounts for the cell’s avalanche breakdown in reverse bias [48].    
In order to use the double diode model to obtain more complete I-V curves, we varied 
each of the parameters 𝐽𝑖01, 𝐽𝑖02 , 𝑅𝑖𝑠, and 𝑅𝑖𝑠ℎand determined which parameters 
created a model that best fit the calculated I-V curves from figure 26. The Miller 
index 𝑛𝑖𝑚 and the breakdown voltage 𝑉𝑖𝑏𝑑 were kept at similar values as reported in 
literature [48]. Figure 28 below shows the I-V curves using the double diode model.  
For a given solar cell, we used the best fit for each junction to compute a composite I-
V curve. After comparing this composite I-V curve with the I-V curve obtained 
experimentally, we noticed a discrepancy between the two curves. In order to find an 





model again until the calculated composite I-V curve matched the measured I-V 
curve. These parameters are summarized in Tables 3.3, 3.4 and 3.5 below.  
Table 3.3: Parameters for Solar Junction cell  







n 𝑛𝑚 𝑉𝑏𝑑 
GaInP 0.5 5000 185.103 5 × 10−22 1 × 10−6 3.3 3 -10 
GaAs 0.5 5000 149.975 9 × 10−16 3 × 10−5 2.8 3 -10 
GaInNAs 0.5 45 175.107 3 × 10−6 8 × 10−2 2 3 -10 
 
Table 3.4: Parameters for EMCORE cell  







n 𝑛𝑚 𝑉𝑏𝑑 
GaInP 0.5 5000 174.541 9 × 10−22 6 × 10−6 3.3 3 -10 
GaAs 0.5 5000 175.734 7 × 10−16 1 × 10−4 2.8 3 -10 
Ge 0.5 45 278.915 
4.3
× 10−8 












Table 3.5: Parameters for SPECTROLAB cell  







n 𝑛𝑚 𝑉𝑏𝑑 
GaInP 0.5 5000 171.029 9 × 10−22 
1.8
× 10−5 
3.25 3 -10 
GaAs 0.5 5000 172.659 1 × 10−15 
2.2
× 10−4 
2.8 3 -10 
Ge 0.5 45 303.002 1 × 10−7 25 1.5 3 -1.8 
 
In the process of finding these parameters, we were able to understand how they 
individually affected the I-V curve. For example, changing the Rs affected the 
smoothness of the knee of the curve whereas the changing of the Rsh affected the 
bending of the curve. For the bottom junction of the Solar Junction cell, we had to fit 
our calculated I-V curve which was in the high negative current density region in 
order to obtain a model in the positive current density region. Using the parameters 
from tables 3.3, 3.4 and 3.5 above, we created interpolation functions for 𝐽(𝑉) 𝑣𝑠 𝑉 
so that we can find the maximum power point. It is at this maximum power point that 













































 GaInP  GaInP Model  Calculated I-V Curve
 GaAs  GaAs Model  Measured I-V curve
 GaInNAs  GaInNAs Model
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 GaInP  GaInP Model  Calculated I-V Curve
 GaAs  GaAs Model  Measured I-V Curve
            Ge Model







3.5 Losses from three different solar cells 
 
One of the main accomplishments of this study is that we were able to extract the loss 
parameters for each subcell based on the calculated I-V curves. The formulas used for 
calculating each of the loss parameters are shown in the table 3.6 below [47]. Note 
that in the formulas for thermalization and transmission loss, 𝑆𝐴𝑀0 is the AM0 
spectral irradiance in units 
𝑊
𝑚2∙𝑒𝑉
 and the integration is performed over the range of 









































 GaAs  GaAs Model   Calculated Curve
 GaInP  GaInP Model  Measured I-V Curve 
            Ge Model
(d) SPECTROLAB 





Table 3.6: Energy Loss formulas in power density 
EM (Radiative Emission) 𝐸𝑔𝑖𝑅𝑒𝑥𝑡𝑖→0 
LC (Luminescence coupling) 𝐸𝑔𝑖𝑅𝑒𝑥𝑡𝑖→𝑖+1 = 𝐸𝑔𝑖𝑅𝑒𝑥𝑡𝑖→0 




TH (Thermalization loss) 
∫𝐸𝑄𝐸𝑖 (𝐸)𝑆𝐴𝑀0(𝐸)𝑑𝐸 − 𝑅𝑠𝑢𝑛𝑖𝐸𝑔𝑖
+ 𝑅𝑒𝑥𝑡𝑖−1→𝑖(𝐸𝑔𝑖−1 − 𝐸𝑔𝑖) 
TR (Transmission loss) ∫𝑆𝐴𝑀0(𝐸)𝑑𝐸 − ∑∫𝐸𝑄𝐸𝑖 (𝐸)𝑆𝐴𝑀0(𝐸)𝑑𝐸 





The losses will be presented as a ratio of the total AM0 1Sun input calculated as 
∫𝑆𝐴𝑀0(𝐸)𝑑𝐸 where 𝑆𝐴𝑀0 is the AM0 spectral irradiance in units 
𝑊
𝑚2∙𝑒𝑉
 and the 
integration is performed over the range of the spectral irradiance. Tables 3.7, 3.8, 3.9 
present the losses for the three different solar cells. The “AM0 1sun” column shows 
the input ratios for the top, middle and bottom junctions which are calculated as   
∫𝐸𝑄𝐸𝑖(𝐸)𝑆𝐴𝑀0(𝐸)𝑑𝐸
∫𝑆𝐴𝑀0(𝐸)𝑑𝐸
. The power output column is calculated as 
𝐽𝑚𝑎𝑥𝑉𝑚𝑎𝑥
∫ 𝑆𝐴𝑀0(𝐸)𝑑𝐸
 and it 
represents a ratio of incident power to max power extracted in the load. The power 
output from the experimentally measured IV curve is also presented in order to 
compare with the value from our calculated IV curve.   
The EM and NR are losses due to radiative and nonradiative recombination 





junction 𝑖 + 1. The TH is a loss that describes how many of excited carriers are lost 
to thermalization. The JN is an energy loss that arises from the fact that the maximum 
energy we can use is at the maximum power point and the rest of the energy is lost to 
the junction when carriers transport across the junction to the respective contacts.  
Table 3.7: Loss parameters for Solar Junction cell 
 
In the top junction, 32.9 % of the solar energy is absorbed and 13.9 % is converted to 
electric energy, while the remainder goes into 7.0 % TH loss, 5.4% JN loss and 6.4 % 
NR loss. In the middle junction, 18.2% of the solar energy is absorbed and 9.2% is 
converted to electric energy, while the rest goes into 2.5% TH loss, 5.4 % JN loss and 
1.1 % NR loss. For the bottom junction, 15.4 % of the incident solar energy is 
absorbed and 1.5% is converted to electric energy, while the rest goes into 3.3 % TH 
loss, 8.1 % JN loss and 2.4% NR loss. Of the total incident solar energy on this cell, 
24.6 % is converted to electric energy while 12.8% goes into TH loss, 19.0 % goes 
into JN loss, and 10.0 % goes into NR loss. Our measured I-V curve shows that 24.0 
% of the incident solar energy is converted to electric energy. Therefore, when all the 
losses are accounted and added to predicted power output, the sum totals ~ 1. The 





max power measured from the actual I-V curve measurement of the multijunction 
solar cell under AM 0 illumination. 
Table 3.8: Loss parameters for EMCORE cell 
 
In the top junction, 31.5 % of the solar energy is absorbed and 14.5 % is converted to 
electric energy, while the remainder goes into 7.2 % TH loss, 7.7 % JN loss and 1.9 
% NR loss. In the middle junction, 21.7 % of the solar energy is absorbed and 10.0 % 
is converted to electric energy, while the rest goes into 3.5% TH loss, 6.6% JN loss 
and 1.5% NR loss. For the bottom junction, 21.9 % of the incident solar energy is 
absorbed and 1.8% is converted to electric energy, while the rest goes into 7.6 % TH 
loss, 6.4 % JN loss and 6.0 % NR loss. Of the total incident solar energy on this cell, 
26.4 % is converted to electric energy while 18.3% goes into TH loss, 20.7% goes 
into JN loss, and 9.4% goes into NR loss. Our measured IV curve reports 27.0 % of 
the incident solar energy as converted to electric energy. This is in agreement with the 
sum of power outputs of individual junctions considering an uncertainty of at least 2 








Table 3.9: Loss parameters for SPECTROLAB cell 
 
In the top junction, 30.4 % of the solar energy is absorbed and 12.9 % is converted to 
electric energy, while the remainder goes into 7.4 % TH loss, 8.0 % JN loss and 1.7 
% NR loss. In the middle junction, 21.3 % of the solar energy is absorbed and 9.2% is 
converted to electric energy, while the rest goes into 3.4% TH loss, 7.2% JN loss and 
1.5% NR loss. For the bottom junction, 23.7 % of the incident solar energy is 
absorbed and 0.6% is converted to electric energy, while the rest goes into 8.2 % TH 
loss, 7.4 % JN loss and 7.4 % NR loss. Of the total incident solar energy on this cell, 
22.7 % is converted to electric energy while 19.1 % goes into TH loss, 22.7 % goes 
into JN loss, and 10.6 % goes into NR loss. Our measured IV curve predicts that 
23.0% of the incident solar energy is converted to electric energy. There is a 1.32% 
deviation between the two values for conversion efficiency.  
In order to better compare the losses for all three cells, it is important to know the Jmax 









Table 3.10: Jmax and Vmax values for each junction for each cell 
Cell Jmax (mA/cm
2) Vmax1 (V) Vmax2 (V) Vmax3 (V) 
Solar Junction 13.9165 1.3429 0.8941 0.1463 
EMCORE 16.1089 1.2157 0.8418 0.1536 
SPECTROLAB 15.7971 1.1081 0.7817 0.0546 
 
The two most important loss parameters we were able to extract through all the EL 
measurements and the subsequent calculations are the NR and JN losses. For NR 
losses, knowledge of the 𝑅𝑒𝑥𝑡𝑖→0for each junction was necessary and to get the JN 
losses for each junction, we needed the 𝑉𝑚𝑎𝑥𝑖 for that junction which was extracted 
from each subcell’s I-V curve. We see that the SPECTROLAB cell has the highest 
total NR and JN losses. The EMCORE and SPECTROLAB cells consist of the 
GaInP/GaAs/Ge junctions whereas the Solar Junction cell is made of 
GaInP/GaAs/GaInNAs junctions. To understand why the SPECTROLAB has a 
higher NR loss, it is appropriate to only compare with the EMCORE cell which has 
the same junctions. If we recall from the formula for NR loss, we see that for each 
junction, it is calculated by subtracting the power contribution of the maximum solar 
cell current density and energy losses (EM loss, LC loss) from the incident solar 
power on the junction (𝑅𝑠𝑢𝑛 value and LC from previous junction if applicable). As 
mentioned earlier in this chapter, the 𝑅𝑠𝑢𝑛 values are different for each junction and 
could contribute to the high NR loss. More specifically, the 𝑅𝑠𝑢𝑛 value for the bottom 
junction is the highest for this cell and the EM and LC loss are comparably lower. In 





is lower. Therefore, with a higher 𝑅𝑠𝑢𝑛 value and lower values for all other 
parameters in the calculation, we arrive at a higher NR loss for the bottom junction. 
The higher value for the bottom junction contributes to a higher overall NR loss for 
the SPECTROLAB cell.  
The JN loss for the SPECTROLAB cell is also the highest because the Vmax values 
for each junction are lower than those for the EMCORE cell. From the formula for JN 
loss, we have to subtract the Vmax value from the bandgap of that junction. For 
example, for the top junction, the bandgaps stay roughly the same so the lower the 
Vmax value, the higher our JN loss. This makes sense because more energy is lost to 
the junction if the maximum energy we can use is lower. The combination of overall 
lower Jmax and Vmax values contributes to a lower power output for the 
SPECTROLAB cell.  
It is appropriate to compare the results from the EMCORE and SPECTROLAB cell 
to the solar cell used in the Chen et. al. paper as it consists of the same three 
junctions. For the EMCORE and SPECTROLAB cell, the total TH, NR and JN losses 
are larger than those presented in the paper and total power output is lower than that 
presented in the paper. It is important to note that since we were not able to take data 
on the bottom junction, we used the double diode model to model that junction’s IV 
curve and used the band gap energies presented in the paper. Therefore, it is possible 
that the deviation of the loss values from those presented in the paper is due to this 
fact.  
Note that in general, the percentages of radiative recombination or EM loss and LC 





LC loss for the Solar Junction cell show that less of the incident solar energy is going 
to nonradiative recombination. A higher EM value corresponds to a higher external 
luminescence quantum efficiency 𝑦𝑒𝑥𝑡 and a higher Voc. A higher Voc suggests a 
possible higher Vmax and ultimately a higher power output.  
There are several reasons why the EMCORE cell might have a higher efficiency as 
compared to the SPECTROLAB cell. For example, the EMCORE cell might have 
been better optimized in terms of the thicknesses of each of the layers and doping. 
Thickness optimization might, for example, result in less series resistance or the 
depletion region being smaller. Regarding doping, if the diffusion length of the 
minority carriers is too long, the carriers will have a lower probability of reaching the 
junction and will recombine. The EMCORE cell also has a smaller area and this 
could play a role in decreasing the series resistance losses. In general, the larger the 
bandgap Eg, the larger the Voc. For the EMCORE cell, we can see that the bandgap is 
much higher for the GaInP junction than for the SPECTROLAB cell and therefore we 
see a higher Vmax. Using Ge as the bottom junction in a triple-junction cell is common 
as it absorbs more radiation leading to lower transmission loss TR. The bottom 
junction of the Solar Junction cell is GaInNAs which has a higher bandgap and as a 
result, a higher Voc but there is also more TR loss. Thus, there is a trade-off between 
the Voc and the TR loss which must be considered. 
There are several factors which must be considered when explaining the behavior of a 
solar cell. The loss tables presented in this chapter provide for an easy way to 






Chapter 4: Conclusions 
 
In this work, we examined three different multijunction solar cells and it was shown 
that each subcell within the multijunction stack can be characterized in detail by 
taking absolute electroluminescence data.   
In chapter 1, we looked at the physics of solar cells and explained that the 
measurement of the electroluminescence (EL) response of solar cells is an important 
technique to characterize solar cells. We also derived the I-V characteristic and 
highlighted some of the fundamental losses in solar cells. In chapter 2, we discussed 
the hyperspectral imaging system which was used to take our EL data and discussed 
some of the post-processing necessary in order to use the data in our calculations. 
Furthermore, in order to understand the data taken, we had to apply a calibration 
factor for which we took spectral irradiance data on a QTH-illuminated pinhole 
aperture. Once we obtained calibrated EL data from measurements of a few 
multijunction solar cells, we were ready to follow a series of calculations, detailed in 
chapter 3, to obtain the I-V curves and ultimately the loss parameters for each of our 
solar cells and the subcells within them.  
Obtaining the I-V curves and loss parameters helps us understand how efficiently the 
solar cell uses the incident solar energy. Understanding that various loss mechanisms 
that reduce the overall power conversion efficiency of the solar cells is extremely 
important. This information plays a key role in the solar cell industry as it helps 
determine how to best maximize the output power. Gleaning this wealth of 
information from simple EL measurements proves the convenience of the 





We analyzed three solar cells in this paper: “Solar Junction” with 
GaInP/GaAs/GaInNAs junctions, “EMCORE” with GaInP/GaAs/Ge junctions and 
“SPECTROLAB” with GaInP/GaAs/Ge junctions. After performing our analysis we 
noticed that the EMCORE cell had the highest efficiency. One possible reason for this 
is that this cell might have been optimized for thicknesses of each of the layers and 
doping. Through the loss tables presented for each of the cells, we are able to see how 
the incident solar radiation is being used. By considering other factors that affect the 
solar cell performance, improvements can be made in photonic engineering to 
improve the cell’s efficiency. As an example, we saw that the transmission loss for 
the Solar Junction cell was higher than the other two cells and one possible reason for 
this is that the bottom junction’s bandgap is higher than those of the other two cells. 
A larger bandgap leads to a larger Voc, but a higher transmission loss since part of the 
incident radiation is not absorbed by the bottom junction. Likewise, several material 
properties must be optimized when designing a solar cell to improve the cell’s 
efficiency.  
Using the methodology outlined in this paper, one can perform the same analysis for 
solar cells made from different semiconductor materials. Further experiments also 
include using photoluminescence (PL) to characterize solar cells which will yield 
results which will allow us to determine the saturation current or provide us with a 
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